General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 





/ 

/ DOE/NASA/13111-11 
*/ NASA TM-82985 

(MASA-TH-62985) ET&LUATIOII OF AOVANCEO MttJ- 10557 

CUHBUSflOH COMCiiPIB FOB OBI MO SOB X 

SUPPBBSSIOH WITH COAL-OBfilVEO, GASBOOS FOBLS 

(NASA) 15 p HC A02/HF A01 CSCL 10B Onclas 

G3/44 35543 


Evaluation of Advanced Combustion 
Concepts for Dry NOx Suppression with 
Coal-Derived, Gaseous Fuels 


K. W. Beebe and R. A. Symonds 
General Electric Company 

and 


J. Notardonato 

National Aeronautics and Space Administration 
Lewis Research Center 



f 


Work performed for 

U.S. DEPARTMENT OF ENERGY 
Fossil Energy 

Office of Coal Utilization and Extraction 


Prepared for 

Joint Power Conference 

Denver, Colorado, October 17-21, 1982 


DOE/NASA/13111-11 

NASATM-82985 


Evaluation of Advanced Combustion 
Concepts for Dry NOx Suppression with 
Coal-Derived, Gaseous Fuels 


K. W. Beebe and R. A. Symonds 
General Electric Company 
Schenectady, New York 1 2345 

and 

J. Notardonato 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


Work performed for 

U.S. DEPARTMENT OF ENERGY 

Fossil Energy 

Office of Coal Utilization and Extraction 
Washington, D.C. 20545 

Under Interagency Agreement DE-AI01-77ET13111 


Prepared for 

Joint Power Conference 

Denver. Colorado. October 17-21, 1982 


1417 


EVALUATION OF ADVANCED COMIUSTOI CONCEPTS 
FOl DIY NO.SlIPPlESSroN WITH COAL-DEllVED, GASEOUS FUELS 


ky 

E.W.SmN 

MwteASME 

1*A. Sytaif 
Etiaiif 
Mtaktr ASMS 
G«Mr«l Etoctrk C^mjmmy 
SdwMCtaiy, N.Y. 12345 

i. N«tafimto 

NASA/Lewis EmmicS Ccattr 
Clerelui. OSk 44135 


I 


NOMENCLATURE 

CO - carbon monoxide emissions 

El - emissions index, g/kg fuel 

f/a — fuel-air mass ratio 

(f/a)s "• stoichiometric fuel-air mas» ratio 

IGCC — Integrated Gasification Combined Cycle 

ISO — International Standards Organization reference humidity 
condition, 0.0063 lb H 20 /lb dry air 

. M.W, - molecular weight 

MW — power, megawatts eiectricai output 

NCM - normal cubic meter, at 273K 

NO„ - oxides of nitrogen emissions 

?3 - combustor inlet pressure 

ppmv • parts per million by volume 

T 3 combustor inlet temperature 

T 4 • average combustor exhaust temperature 

— stoichiometric temperature 

UHC - unburned hydrocarbon emissions 

^ o mass equivalence ratio 


ABSTRACT 

A test program has been completed to determine the emis- 
sions performance of a rich-lean combustor (developed for liquid 
fuels in Phase I of the DOE/LeRC Advanced Conversion Tech- 
nology Project) for combustior ^f simulated coal gases ranging 
in heating value from 167 to 244 Btu/sef <7.0 to 10.3 MJ/NCM). 
The r.44 Btu/icf gas is typical of the product gas from an 
oxygen-blown gasiAer, while the 167 Btu/sef gas is similar to that 
from an air-blown gasiAer. 


NOj performance of the rich-lean combustor did not meet 
program goals with the 244 Btu/sef gas beemae of high thamial 
NO|^ stmilar to levels expected from convenlkmal leaB^bumhig 
combustors. The NO, emissioas are attrtbuled to Inadequate 
fuel-air mixing in the rich stage resulting from the design of the 
large central fuel nozzle delivering 71% of the total gas Bow. 
NO, yield from ammonia injected into the (hel gas d e creas ed 
rapidly with increasing ammonia level, and is projected to be teas 
than 10% at NH 3 levels of 0.5% or higher. NO, geoeratioo from 
NK 3 is sagniAcant at ammonia concentrationa significantly less 
than 0.5%. These leveb may occur depending on (del gas clean- 
up system design. 

CO emissions, combustion efficiency, smoke and other 
operational performance parameters were satisfactory. 

A test was completed with a catalytk combustor concept with 
petroleum distillate fuel. Reactor stage NO, emtssioos were low 
(1.4g NO/kg fuel). CO emissions and combustion efficieocy 
were satisfactory. Airflow split instabilities occurred which even- 
tually led to test termination. 

INTRODUCTION 

The projected decline in the availability of petroleum fuels for 
electricity generation or industrial applications, and the projected 
increase in an uncertainty of fuel costa throughout the next de- 
cade have been driving forces towards the utilization of the 
nation's coal resources. 

Significant effort has been expended and progress achieved in 
the development of processes to produce coal-derived liquid 
(CDL) and gaseous (CDG) fuels. Earlier projections were that 
CDL's could be expected to be available in quantities suitable for 
market penetration by the late I980's. On this basts, develop- 
meni of dry low NO, combustion technology to meet NSK 
emissions sundards with hi^h nitrogen content CDL's was the 
focal point of the Phase I effort in the NASA-sponsored Luw 
NO, Heavy Fuel Combustor Concept Program. General Electric 
completed its Phase I development tests and reported the results 
in cictober 1981. It was demonstrated that the two stage, rich- 
lean combustor concept would meet all program objeaives for 
emissions with satisfactory operational performance. Combustor 
development addressed two key CDL propefties which impact on 
performance, i.e., low hydrogen content which can promote 
smoke formation and leads to high radiant heat loadings to liner 
walls, and high fuel-bound nitrogen content (FBN) which pro- 
motes organic NO, formation in conventional lean-burning 
combustors. Rich-lean Concepts 2 and 3 of that program ad- 
dr ssed these fuel properties, successfully meeting emissions cri- 
teria. 

More recent trends in national energy policy and fuel 
economics could lead to deferment of CDL availability to the 
1990's. Utilization of coal-derived gaseous fuels is now con- 
sidered the more likely candidate for market introduction In Util- 
ity applications. General Electric is strongly involved in the ap- 
plication of coal-derived gases through its integrated gasification 
combined cycle (IGCC) plant studies. 

It is now anticipated that a Pl.ase II of the NASA -sponsored 
Low NO, Combustor Program will emphasize dry low-NO, 
combustion technology development for low and intermediate 
Btu healing value coal gases (LBtu, IBtu gases). Under NASA 
sponsorship. General Electric has completed the Phase lA pro- 
gram to develop combustion technology for LBtu and IBtu gases. 
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The Phase lA program provides a bridge between the low NO., 
liquid fuel technology of Phase 1 and the anticipated emphasis on 
low NO,, coal*derived gas fuel technology to be developed in 
Phase U. Phase lA objectives were to provide an initial assess- 
ment of the emissions and operational performance of the suc- 
cessful ridi-ban and lean-lean combustor concepts developed for 
liquid fueb in Phase I, and to identify problem areas and 
development needs to be studies in Phase IL A test of the cata- 
lytic combustor hardware developed in Phase I was also planned. 

Program resources were minimal, considering the cost of 
simulated LBtu/IEtu gas fuels, and only minor modifications to 
the existing Phase I hardware and limited testing were possible. 
Tests were conducted using rich-lean combustor Concept 2 (a 
multinozzle, two-stage, rich-lean design) with a range of gas 
heating values from 167 to 244 Biu/scf (7.0 to 10.3 MJ/NCM). 
at MS7001E turbine load conditions. Tests were run largely at 
reduced pressure conditions to reduce fuel costs. A full- 
pressure, full-flow test was also completed to provide a correla- 
tion of all data to full MS7001E cycle conditions. Ammonia 
(NH3) was injected at several rates up to 0.5 weight percent for 
the 244 Btu/sef fuel gas to determine organic NO, generation 
from potential organic nitrogen contaminants in cleaned fuel 
gases. The catalytic combustor was tested with petroleum distil- 
late fuel. A lew lean combuslor hardware configuration was 
developed and fabricated, but it was not tested becauSv of limit- 
ed program resources. This coinbustor hardware is available for 
early testing in the anticipated Phase II program. 

This report presents the results of the Phase lA program. 

TEST FACILITIES 

Combustor tests with liquid fuels in the Phase 1 program 
were conducted in a 10-inch diameter (.2Sm) test rig, in the AS 
facility of General Electric's Aircraft Engine Group (AEG) facili- 
ty in Evendale, Ohio. For the Phase lA gas tests discussed in 
this report, combustor tests with simulated coal-derived 
LBtu/lBtu gases were conducted with that 10-inch diameter test 
rig installed in the combustor test area of the General Electric 
Gas Turbine Development Laboratory (GTDL) facilities in 
Schenecudy, New York. This facility has a unique capability for 
on-line blending and delivery of simulated coal-de^-ived gases, 
can provide blending with nitrogen and steam to adjust gas heat- 
ing values, and also has gas preheat for large-scale combustor 
testing. 


Test Facilities ud eel Systems 

Tt^e combustor ft area is a large bey which currently con- 
tains five test stand n test ducts. 

The process air ; item can deliver nonvitiated air to the tost 
stands with: 

• Mass fljw rate om 1 to 50 Ib/s (.45 to 23 kg/s) 

• Pressure from t ghtly beyond 1 atm to greater than 10 atm 
(101 to 1014 kP 

• Temperature fn 1 slightly beyond ambient temperature to 

greater than 700 (640K) 

For the combustor tests with coal-derived gases dtsalbed in 
this report, test stand 4 was removed and replaoed by the 
10-inch (.25m) diameter test rig used for the Phase 1 liquid fuel 
tests. The test rig was connected directly to the blast gate and 
exhaust section of the test stand using an adapter sectioa Air 
supply from the facility was similarly adapted to the entrance of 
the test rig. 

A schematic of the low Btu/intermediate Btu (LBtu/IBtu) gas 
system used for the Phase lA tests is shown in Figure 1. (jss is 
supplied in tube trailers (up to four trailers at 100,000 scf 
(2500 NCM) per trailer) and can be blended on-line with nitro- 
gen and steam to obtain the ctesired low Btu gas composition and 
heating value. N2 and dfi control is achieved via ratio control 
stations that maintain the deured proportions of Nj and/or Hfi 
to trailer gas. The blending capability has the advantage of 
reducing the amount of gas that must be supplied In trailers 
when studying air-blown gases. This capability rjso permits 
parametric studies of effects of N2 or HP (Uution on the 
combustion characteristics of coal-derived gases. 

Currently, a gas heating system is provided for fuel gas 
preheat that is capable of achieving gas temperatures up to ap- 
proximately 600*F (590K). Additional heaters are to be instalM 
that wilt extend this capabuity. Ammou'% (NH3) was iiyected 
into the fuel gas during tests 01 the rich-lean combustor with 
244 Btu/sef (10.3 MJ/NCM) heating value gas. 

iBStnuBentation 

The combustor test rig assembly was instrumented to mea- 
sure the performance and durability of the combustor. 

Tout inlet ai:ilow measurements were made using standard 
ASME orifices which are an integral part of the Gas Turbine 
Development Laboratory (GTDL) facilities. Inlet total air pres- 
sure and temperature were measured with four rakes having two 
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immertioiu each. These rtkes tre sn intetfil part of GTDL test 
stand No. 4. Test ri| and combustor static pressures were mea- 
sured using three wall sutk ups. These pressures were refer- 
enced to the inlet air total pressure to determine the pressure 
drops to the rig and across the liner. 

Fuel nitrO|*en and ammonia flows were measured ustr stan- 
dard ASME orifices. The combustoi liner was instrumented 
with an array of 16 metal surface thermocouples. 

The exhaust gu instrumenution consisted of four three- 
element gas sampling rakes and four three-element thermocou- 
ple rakes. The gas sampling rakes were also utilized for meuur- 
ing combustor exit total pressures. The three elements on each 
rake were mounted on centers of equal area in the combustor 
centerline. The gas sample probes were ganged together for all 
test points in this program. This was done to reduce the time 
required at each test point, and so conserve the avaiUble fuel gas 
supply. The gang samples are presumed to be represenutive of 
bulk gas properties at the combustor exit. Gas sample probes 
were water-cooled for durability. 

TEST FUELS 

The rich-lean combustor was tested using gas fuel blends 
ranging in lower heating value (LHV) from 167 to 244 Btu/sef 
(7.0 - 10.3 MJ/NCM). The test fuel compositions are presented 

in Table I . The baseline fuel conuined 38.4% H 2 , 0.65% N 2 , 
44.53% CO and 16.43% CO 2 by volume Four tube uailers con- 
taining this gas were supplied by the Union Carbide Corporation. 
The baseline fuel composition was obuined by averaging the 
analyses supplied by Union Carbide for each trailer. The trailers 
were manifolded in parallel to supply the test sund fuel require- 
ments. Variations in fuel composition and heating value were 
obuined by adding nitrogen as a diluent to the baseline fuel. 
Five dau points were uken, with ammonia (NH 3 ) injected into 
the baseline fuel to determine the NO, yield as the rich-lean 
combustor operated with various levels of fuel-bound nitrogen. 
In order to make an accurate determination of the ammonia con- 
tent in the fuel gas during these tests, bottled fuel gas samples 
were uken at each dau point and later analyzed for composition. 
The fuel ammonia level ranged from 0.07% to 0.5% by weight. 
The actual level of ammonia encountered in coal gas fuels in an 
Integrated Gasification Combined Cycle (IGCC) application 
would be a function of the specific fuel gas cleanup system 
design. The range of ammonia ii\jection was selected to be rep- 
resenutive of potential IGCC plant conditions. Equilibrium 


flame umperature and producU of combustion were cileulalid 
for all three of the nominal gas fuel compodtiong (hentiiig 
values) used for the test program. These cskulstions were per- 
formed using ti e NASA Chemical EquUibrium Code (3). 
Resuiu of these analyses are presented in Figures 2, 3 and 4. 

(The catalytk combustor was tested with #3 distillate oil 
only.) 

TEST CONDITIONS 

The operating conditions used in evaluation testing of the 
rich-lean combustor are represenutive of the General Electric 
MS7001E utility turbine. The MS7001E gas turbine has a 
baseload rating of 72.9 MW at a turbine inlet temperature of 
1985*F (1358K), pressure ratio of 11.7 and airflow of 590lb/s 



fig. 2 NASA cqalHbriaai daU for 244 Btu/sef gas 
(10.3 MJ/NCM) 

CoaversloB factors: (T 460) x S/9 - K; (atm.) x 
191.35 * kPa 
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RICH-LEAN COMBUSTOR TESTS LBTU/IBTU FUEL CAS COMPOSITIONS 


Test Poirls 

3A,3B.3C,4 

5.6A.18C 

16 

17 

18 

ISA 

18B 

7,7A,8.9 

11,12,13 

Hj (vol %) 

38.4 

37.2 

37.9 

37.3 

37.4 

37.8 

32.83 

26.56 

O 2 (vol %) 

0 

0.17 

j 0.14 

0.18 

j 0.11 

0.13 

0 

0 

Nj (vol %) 

0.65 

0.59 

1 0.61 

1 0.58 

0.62 

0.57 

15.06 

31.28 

CO (vol %) 

44 53 

445 

44.3 

44.7 

44.1 

44.9 

38.07 

30.8 

CH« (vol %) 

0 

0 18 

0 17 

0 18 

0.17 

0 18 

0 

0 

CO 2 (vol %) 

1643 

1650 

1650 

16.70 

16.60 

168 

14.05 

11.36 

NHj (vol %) 

0 

0.45 

050 

032 

0 11 

0.07 

0 

0 

Mol wt. 

20.65 

2079 

20.75 

2091 

20.65 

20 96 

21.76 

23.37 

LHV Btu/sef 

244 

242.7 

243.8 

243 6 

241.9 

245.6 

209.0 

169.0 

(MJ/NCM) 

(103) 

(102) 

(10.2) 

(10.2) 

(10.2) 

(103) 

(8.8) 

(7.1) 

Fuel Temp *F 

418 

405 

407 

409 

409 

410 

421 

423 

(K) 

(488) 

(481) 

(482) 

(483) 

(483) 

(483) 

(489) 

(491) 
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The operiting conditions used in evaluation testing of the 
rich-lean combustor are represenutive of the General Electric 
MS7001E utility turbine. The MS7001E gas turbine has a 
baseload rating of 72.9 MW at a turbine inlet temperature of 
198S*F (1358K), pressure ratio of 11.7 and airflow of S90 Ib/s 
(268 kg/s). The matrix of test conditions is shown in Table 2. 
In order to conserve fuel and obuin the maximum number of 
data points with the limited quantity of fuel available, most of 
the data were taken at half pressure/half flow conditions. The 
standard procedure was to operate the combustor at three load 
points for the MS7001E (50% power, base, and peak load) for 
each fuel blend and to conduct additional tests as appropriate. 
Fuel-air ratios above and below design levels were tested with 
the baseline fuel to determine the effect on NO, emission levels. 
The baseline fuel test conditions were also used with ammonia 
injection. 

Oi^rating conditions for the caulytic combustor are described 
elsewhere in this paper. 
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fig. 4 NASA eqalHMuM data for 172 Itu/srf gas 
(7.23 MJ/NCM) 

DESCRIPTION OF TEST COMBUSTORS 

Gas Fueled Rich-Lean Combiistor 

Previous work has shown the potential of two-stage rich-'ean 
combustion for produ ring low NO, emissions with high nitroa<;n 
fuels. The work described here is aimed at development of this 
concept for use in heavy duty stationary gas turbines operating 
on gas fuels derived from coal. In the rich-lean combustion 
mode, a rich mixture of fuel and air (^ * 1.7) is burned in the 
first stage, producing incomplete combustion at low temperatures 
in an oxygen-deficient environment. Un^er these conditions, lit- 
tle thermal NO, is produced while fuel nitrogen is released with 
minimal conversion ir NO,. This incompletely combusted mix- 
ture is then nixed with additional combustion air in a low 
residence time quench zone to produce a lean mixture (^ * 
0.5). with combustion completed in the lean second stage. 

The test combustor used for this effort was obtained by con- 
verting a liquid fueled design to gas fuel. Because the original 
combustor was shown to be quite successful in reducing NO, 


Table 2 

RICH-LEAN COMBUSTOR TEST CONDITIONS 


Fuel Lower 
Heating 
Value (LHV) 
(Biu/scf) 

MS700IF 

Load 

( ondition 
{% Load) 

T Inlet 
Total 
Temp , 
("I) 

P;, Inlet 
Total 
Press . 
(ps*a) 

T 4 . Outlet 
Total 
t emp . 
(*F) 

w. 

( ombusior 
Airflow, 
:ib/s) 

f/a 

Overall 
1 uel-Air 
Ratio 

4».;" 

w„ 

Total 

Flow 

(Ib/s) 

AP/P' 

{%) 

244 

100 (peak) 


169 

2190 

15 122 

0 no 

0.309 

16.8 

5 87 

244 

92 (base) 

631 

166 

2082 

15 217 

0 1040 

0 289 

168 

6 15 

244 

50 

59g 

149 

1460 

15 974 

00580 

0 16) 

169 

798 

209 

100 (peak) 

636 

169 

2190 

14 724 

0 1410 

0 320 

16 8 

5 59 

209 

92 (base) 

631 

166 

2082 

14 841 

0 1320 

v).300 

16 8 

5 88 

209 

50 

598 

149 

1460 

1 5 634 

0 0810 

0 !84 

169 

7.91 

172 

100 (peak) 

636 

169 

2190 

14 177 

0 1850 

0 330 

168 

5 19 

172 

92 (base) 

631 

166 

2082 

M 184 

0 1680 

0 300 

168 

5 51 

172 

50 

598 

149 

1460 

15 266 

0 1070 

0 191 

169 

7 65 

U) Overall combuMor equivalence ratio 


Conversion 

factors (Biu/scf) 42 03 

* MJ/NCM. ( 

•F-F460) 

(2) AP/P * (liner total pressure drop)/P« 


X 5/9 * 

K, (psia) ^ 

6 895 » Pa. 

Ob/s) X 

454 * 

kg/s 
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emissions when burning liquid fuels (2), most of its geometry 
was preserved for the gas fuel test. Nine gas fuel nozzles were 
install'^d in the head end of the rich stage replacing the eight 
liquid fuel nozzles used in prior testing. To handle the large 
volume flow required with low B*u gas fuel, a large central fuel 
nozzle designed to pass 71 percent of total fuel flow was added, 
with the balance of the fuel flow distributed equally among the 
eight outer nozzles. Figure 5 presents a schematic of the 
combustor showing the airflow splits lor the rich, quench and 
lean combustion zones, and Table 3 shows the equivalence ratios 
for the various fuels and load poits tested. Figure 6 shows the 
large center fuel nozzle. 

Downstream of the rich stage is the necked down quench 
zone followed by the lean stage. Rich-stage liner cooling is ac- 
complished by convection cooling of the outside surface. This 
convective cooling proved inadequate during prior testing of this 
concept with liquid fuels. Therefore a boundary layer trip wire 
was installed to enhance the heat transfer coefficient on the out- 
side diameter of the rich stage liner. This trip wire is shown in 
Figure 7. To help maintain metal temperatures at acceptable lev- 
els a thermal barrier coating was applied to the inside surface of 
the rich-stage liner as was done for the liquid fueled design. The 
test combustor has a diameter of 8 inches ( 2m) and an overall 
length of 49 inches (1.25m). Figure 8 shows the entire combus- 
tor assembly, although the bouridary layer trip wire is obscured 
by the flow sleeve in this photograph. 


Table 3 

RICH-LEAN COMBUSTOR EQUIVALENCE RATIOS 


Fuel 

LHV 

Load Condition 

50% 

92% 

(Base) 

100% 

(Peak) 

244 Btu/scf 

Fuel/ Air Overall*” 

0.0580 

0.1040 

0 MIO 

(10.3 MJ/NCM) 

^ Overall*” 

0.161 

0.289 

0.309 

209 Btu/scf 

Fuel/. Air Overall 

0.0810 

0.1320 

0.1410 

<8.8 MJ/NCM) 

^ Ov.*rall 

0.184 

0.300 

0.320 

172 Btu/scf 

Fuel/Air Overall 

0.1070 

0 1680 

0.1850 

(7.2 MJ/NCM) 

0 Overall 

0.191 

0.300 

0.330 


Equivalence Ratios 




244 btu/scf 

Rich Suge 

0.856 

1.537 

1 644 

(10.3 MJ/NCM) 

Quench Suge 

0.256 

0.459 

0.49! 

209 Blu/scf 

Rich Stage 

0.979 

1 596 

1.702 

(8.8 MJ/NCM) 

Quench Suge 

0.293 

0.477 

0.509 

172 Btu/scf 

Rich Suge 

1.015 

1596 

1.755 

(7.2 MJ/NCM) 

Quench Stage 

0.304 

0.477 

0.525 


M) Overall fuel/air mass ratio 
i2) Equivalence ratio, overall 



Fig. 5 Rich-lean combustor airflow splits for ga.« fuel testing 



Fig. 6 Center fuel nozzle for rich-lean 
combustor 



Fig. 7 Rich stage boundary layer trip wire 


Fig. 8 Rich-lean combustor with flow sleese 
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Gfti FncM Lffto-Ltan Combustor 

Lean-lean combustors burn lean in both stages to avoid high 
combustion gu temperature and thus avoid generation of ther- 
mal NO,. In order to avoid poor combustion and generation pf 
CO associated with too lean a mixture, two stages of combustion 
are employed. At low engine power conditions when the total 
fuel flow rate is low, only the primary o*^ pilot stage of the 
combustor is fueled. At higher power conouions when the en- 
gine fuel flow rate is adequate to fuel both suges of the combus- 
tor, fuel is introduced into the main stage dome and the pilot 
fuel flow is reduced. As the engine power and fuel flow rates 
are increased, the equivalence ratio increases in both stages, but 
it is always maintained lean enough at all locations to reduce 
thermal NO^ 

Figure 9 is a schematic of the lean-lean test combustor show- 
ing the design airflow splits. Table 4 presents the equivalence ra- 
tios for each load point in the test plan. A single gas fuel nozzle 
was designed for the pilot stage, and eight smaller gas fuel noz- 
zles were designed for the main suge. The pilot fuel nozzle is a 
strong swirl design of the type utilized for low Btu gas fuel test- 
ing of the High Temperature Turbine Technology (HTTT) sec- 
toral combustor development sponsored by the U.S. Department 
of Energy (DOE). Using this concept, rapid fuel/air mixing and 
wide turndown r%'tio are achieved by contra-swirling annular fuel 
and air streams vhich produce a strong vortex in the reaction 
zone. The eight irai^-**! 2 »c gas fuel nozzles are identical to the 
outer fuel nozzles of the rich-lean combustor except that the 
fuel gas metering holes are larger for the lean-lean combustor. 
The design intent is to split the fuel so that 35 percent goes to 
the pilot fuel nozzle and 65 percent to the main stage in all two- 
stage operations. 

The overall length of this combustor is 25.5 in., ( 65m), the 
pilot dome diameter being 6 in. (.15m), and the aft liner diame- 
ter 8 in. (.2m). Approximately 31.8% of the combustor air is 
used for liner cooling. Figure 10 shows the lean-lean combustor 
assembly prepared for test. Program lesources were exhausted 
before any gas fuel testing of the lean-lean combustor was per- 
formed, but the test combustor remains available for future in- 
vestigation of this concept. 

Cafalytic Combustor 

The catalytic combustor concept, identified in an earlier pa- 
per (1) and described in greater detail elsewhere (2), consists of 
three major stages — fuel preparation, a catalytic reactor stage, 
and a pilot stage. The combustor itself is shown in Figure 11. 


Table 4 

LEAN-LEAN COMBUSTOR EQUIVALENCE RATIOS 
Pllot/Mala Foci Spilt - 35/65 
244 Btn/sef (K .3 MJ/NCM) Fad 


Load Condition 

50% 

Pilot 

Only 

50% 

Both 

Suges 

92% 

(Base) 

Both 

Suges 

ic:% 

(Peak) 

Both 

Stages 

Overall Fuel/Air Ratio 

0.0580 

0.0580 

0.1041 

0.1110 

Percent Pilot Fuel 

100 

35 

35 

35 

Overall Equivalence Ratio 

0 161 

0.161 

0.289 

0.309 

^ Pilot Swirl Cup 

1.134 

0.397 

0.712 

0.762 

Dome Cooling 

0.953 

0.333 

0.599 

0.640 

Pilot Liner Cooling 

0.503 

0.176 

0.316 

0.338 

^ Main Dome 

0 

0.303 

0.544 

0.582 

^ Main Suge Cooling 

0 

0.255 

0458 

0.490 

^ Toul Combustion 

0.22 

0.22 

0.40 

0.42 



Fig. 10 Gas fuel configuration: lean-lean combustor 
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Fig. 11 Catalytic combustor 
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A multiple nozzle fuel preparation section precedes the cata> 
lytic reactor sUge. This section, with seven fuel nozzles, pro- 
vides premixing of the fuel-air mixtu'-e and revaporization of 
liquid fuel. A 15 in. (.38m) long section is provided for 
thorough premix of liquid and LBtu/IBtu gas fuels. This is fol- 
lowed by a 5 in. (.13m) long section holding the main stage cata- 
lytic reactor, which consists of MCB-12 zirconia spinel substrate 
coated with a proprietary UOP noble metal catalyst. The reactor 
was designed and manufactured by the Energy and Environmen- 
tal Division of Acurex Corporation. The reactor stage is fol- 
lowed by the downstream pilot stage section which is used for ig- 
nition, acceleration, and part-load to 50% load operation (at 
which point, reactor lightoff occurs for further load increase to 
full power). 

Figure 12 presents the fuel scheduling necessary for :*ais 
parallel-staged design to meet the load requirements of an 
MS7001E gas turbine. In this design, a transfer point between 
pilot and catalyst was determined by the operational range of the 
catalyst, i.e., its turn-down ratio, physical dimensions and max- 
imum face velocity. Ignition, acceleration, and loading to about 
50% load are accomplished with the pilot stage only. At the 
transfer point, fi.el flow to the combustor is sufficiently high to 
ignite the reactor stage at a fuel-air ratio of approximately 0.020. 
The pilot stage fuel flow is then lowered to a flow sufficient to 
retain pilot operation for cleanup of exhaust gas from the reactor 
section and to eliminate any need to reignite the pilots. Further 
increase in load to approximately 80% is achieved by increasing 
reactor stage fuel flow to a fuel-air ratio of approximately 0.030 
in the reactor. This limit provides reactor temperatures meeting 
those required for reactor durability. Further increases in load 
arc accomplished by increasing pilot stage fuel flow. 

Design air flow splits at the baseload ^'^2%) point were as fol- 
lows 


Catalyst - Main Stage 
Pilots 


60% 

Dome Cooling 

5% 


Swirlers 

12% 

17% 

Liner Cooling 


15% 

Dilution 


8% 



100% 


Cold flow testing established, however, that the catalyst re- 
ceived only 42% airflow at cold conditions. Although this figure 
was significantly less than the 60% design level anticipated, it was 


decided to proceed with combusto' tests by reducing fuel flow to 
the reactor section to achieve a fuel-air ratio (and, therefore, 
reactor temperature) corresponding to the 92% load condition. 

As indicated in Figure 13, combustor instrumentation con- 
sisted of thermocouples located as follows: 

• four thermocouples embedded in the caulytic reactor to 
monitor catalyst performance and to prevent excessive 
temperatures in the reactor 

• four thermocouples on the outer surface of the premi:: 
tube to monitor flashback 

• three thermocouples on the converging cone at the reactor 
exit to monitor temperatures on this uncooled section 

• four thermocouples on the pilot suge primary zone to 
monitor primary zone stability and metal temperature 

• two thermocouples on the dilution zone to monitor 
combustor cooling. 

RESULTS AND DISCUSSION 

Gas Fueled Rich-Lean Combustor 

Figure 14 presents the NO^ emissions data v. rrccted to ISO 
humidity (0.00631b Hfi/\b dry air) and 15% oxygen versus en- 
gine load and corresponding combustor exit temperature for the 
reference engine cycle. Data arc presented for three levels of 
fuel heating value tested. All Figure 14 data are for fuel with no 
fuel-bound nitrogen (i.e., no ammonia injection). The NO^ 
emissions for the highest heating value fuel (244) were well 
above the program goals, and emissions for the intermediate 
heating fuel (209) would also exceed the program goals over 
most of the load range if corrected to full pressure conditions. 
The program goals were met only with the lowest heating Biu 
value fuel (172) tested. In general, the NO^ emissions data for 
the rich- lean combustor are comparable with data obtained for a 
more conventional lean burning combustor operating under 
similar conditions with a similar fuel. All the available data indi- 
cate that the rich -lean combustor did not achieve a significant 
reduction in thermal NO^ production. This unexpected result 
shows that the full potential of the rich-lean combustion ncept 
was not realized by the test combustor. The reason for this 
failure to achieve the desired NO, reduction is believed to be 
inadequate fuel-air mixing in the rich stage with a resulting rich 
core flow through the quench zone and into the lean burning 
zone. This hypothesis is based on the observations that the cen- 
tral fuel nozzle carrying most of the flow was a low swirl design 
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Fig. 12 Fuel schedule— catalytic combustor; 
MS7001E cycle, 60/40 airflow spilt 
CoBverfloa factors: (Ib/s) x .454 = kg/s 
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Fig, 13 Catalytic combustor schematic Indicating thermocouple locations 
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producing • strong central fuel jet with no central recirculation 
zone, and the gas temperature proAles measured at the combus- 
tor exit wer£ peaked toward the center at all operating condi- 
tions. However, this hypothesis is unproven and other pouible 
explanations exist, including non-oplimal dwell times in the rich, 
quench, or lean stages. 

Data for combustion of the highest heating value fuel, 
Btu/scf (10.3 MJ/NCM), with ammonia injection up to 
0.4 percent by weight are presented in Figures 15 and 16. These 
data show that substantial increases in NO, emissions occur 
when fuel-bound nitrogen is present. At 0.06 percent ammonia 
injecticn by weight, approximately 78 percent of the fuel-bound 
nitrogen was converted to NO,. However, as the 4*mmonia in- 
jection rate was increried, the percentage (T fuel-bounv' nitrogen 


converted to NO^ wu found to decrease. At 0.4 weight percent 
ammonia injection, the NO. yield was approximately 24 percent. 
This trend of decreasing NO, yield with increasing Aiehbound 
nitrogen hu been observed in prior experimental investiga- 
tion' (4), 

iside from the failure to achieve the desired NO, emhtsions 
r» .fiction, the performance of the rich-lean combustor was gen- 
erally satisfactory for all fuels tested. Figure 17 presenu the car- 
bon monoxide (CO) emissions dau versus engine load end 
corresponding combustor exit temperature for the reference en- 
gine cycle. The performance of the rich-lean combustor for 
several important combustion performance parameters is sum- 
marized as follows: 


H* iTU SCf fuel LMV 



J 1 i LJ- 

0 «) W 100 


CONDITtONS 

FUEL LHV * 244 8TU/CCF (10 3 
OVE«AU EOUIVAIENCI «ATIO - 0 33 0 
OVERALL EOUiVACENCC !UTlO - 0 It Q 
OVERALL equivalence RATIO • 0 30 A 
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Fig. 14 Rich-lean combustor NO, emissions vs. load 


Fig. 16 Rich-lean combustor: NO, yield— gas fuel with 
ammonia 


conversion 

35'. CONVERSION ^ 


< ri*. CONVERSION 


/ ««*. CONVERSION 


‘ ff, CONVERSION 


I > 0 33 overall mass EQUIVALENCE RAT>Q 

O' 0 33 Overall mass equivalence ratio 
V ' C It overall mass equivalence RA-'IO 



n 


p 


1 


-L 

0 


± 


V 




1__ 

100 


AMMONIA -N t<l»l 
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Fig. 17 Rka-lean combustor: CO emissions vs. load 

Conversion factors: (Btu/scf) x 42.03 - MJ/NCM; 
(T 460) X 5/9 - K 
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Rich-Umn Combustor Performance Summary 

• NO, Emissions - Aside from the lowest heating value 
fuel, program goals were not met due to thermal NO, pro- 
duction. 

• Combustion EfAciency (99.77% - 99.99%) - Satisfactory. 

• Smoke - No smoke was observed for any fuel. 

• Pattern Factor/Tcmperaturc Profile (.127 - .220) - Pro- 
gram goals were met, but there was an indication of rich 
central core in the rich stage. 

• Pressure Drop (7% - 8%) Approaches the design objec- 
tive. 

• Liner Metol Temperature (1400*F - 1470*F); (1030 - 
1070K) - Higher than desired for liner durability, but sat- 
isfactory for test purposes. 

• Ignition - Satisfactory. 

• Turndown - Satisfactory. 

• Post Test Condition - Satisfactory. 

Cataltic Combustor Teat Results 

Approximately two hours of reactor operating time were ac- 
cumulated at design cycle conditions during the test program. 
DaU were taken at five steady sute test poinu for reactor-only 
and pilot-only operation, as well as for numerous transient con- 
ditions. The first three steady sute test poinu were esublished 
with only the reactor stage fueled, while the next two steady 


sute poinu were uken with only the pilot-stage fueled. Rather 
than surt directly into the test program with both stages operat- 
ing in the parallel-suged mode of intended operation, first 
reactor-only and then pilot-only operation were selected for the 
initial test operations. Pilot stage liner damage occurred during 
pilot-only operation which precluded testing in the intended 
dual, parallel-sUged operating mode. 

Test poinu 1, 2 and 3 were for reactor-only operation. Dur- 
ing these test points, suble air flow, emissions and rector tem- 
peratures were all achieved. Ignition of the reactor stage wu ac- 
complished by raising the preheat temperature (i.e., combustor 
inlet air temperature) to 700*F (640K) followed by a controlled 
opening of the fuel valve to the reactor sU|e nozzles. Poinu 2 
and 3 are for caulyst fuel-air ratios of approximately 0.031 which 
corresponds to the 92% (baseload operation) load condition for 
the MS7001E cycle application of this combvutor; the reactor 
fuel-ait ratio during test point 1 corresponds t* the 70% load 
point. After 1-1/2 hours of reactor operation, the i^tor failed 
due to substrate overtemperature. The first two axial reactor 
se^-menu (2 inches of coarse cell substrate) remained intact Sv^ 
th, I little change in liner pressure drop and efficiency were im- 
mediately apparent. But the loss of caulyst temperature indica- 
tion (loss of reactor thermocouple readings) used for test control 
caused a termination of the reactor-only portion of the test. 

Emissions performance of the reactor stage was excellent. At 
92% load conditions, measured emissions indices were 1.4 g 
NO^kg fuel (see Table S) which correspo ids to approximately 
lOppmv NO,. Figure 18 presenu mcasu ed reactor-only NO, 
emissions index as a function of reactor s ege equivalence ratio. 


Table 5 

CATALYTIC COMBUSTOR TEST DATA 


Test 

Point 

Number 

Cycle 

Load 

Condition 

inlet 

Temperature 

("F) 

Reactor 
Inlet Fuel Flow 

Pressure Wfuel c 
(psia) (ib/s) 

Reactor 
Air Flow 
Wair-c 
(I b/s) 

Reactor Reactor Pilot 

Fuel- Air Equivalence Fuel Flow 
Ratio Ratio Wfuel p 

(f/a)c 0c (Ib/s) 

Pilot 

Air Flow 
Wair-p 
(I b/s) 

Pilot 
Fuel Air 
Ratio 
(t/a)p 

Pilot 

Equivalence 

Ratio 

Reactor 

Reference 

velocity 

(ft/s) 

1 

70% 

706 

145 2 0 094 

343 

0 0274 

0 397 

- 

4 69 

- 

- 

665 

2 

92% 

705 

148 4 0 109 

3 42 

0 0319 

0 461 

- 

4 68 

- 

- 

649 

3 

92% 

706 

165 5 0 106 

3 49 

0 0304 

0 440 

- 

4 77 

- 


59 4 

4 

~85% 

642 

1622 

3 32 

- 

- 

0 058 

4 55 

0.0127 

0 1845 

54 6 

5 

~100% 

642 

1703 

3 26 

- 

- 

0 090 

4 47 

0 0201 

0 2914 

540 

Conversion Factors 
(psia) X 6 895 - i^Pa 
(Ib/s) X 454 « kg/s 

(tt/S) X 3048 * m/s 
(•F + 460) X 5/9 = K 









Test 

Point 

Number 

Overall 

Pressure 

Drop 

AP/Pa 

Exhausl'” 

Temperature 

rf) 

Reactor Exit 
Teniperalure*^' CO 
(*F) (ppm) 

CO? 

(%) 

NO, 

NO, NO, Corrected 

Uncorrected*^* Corrected 15% 0? 

(ppmv) (ppmv) (ppmv) 

ei NO, 
(g NO./ 
kg fuel) 

Mass 

Flow 

Function 

Combustion 

Efficiency 

nc 

1 

5 22 

1271 

1764 86 6 

3 91 

96 


9 1 

11 5 

1 32 

3 65 

>99% 

2 

556 

1388 

2637 4 2 

3 74 

12 2 


11 6 

14 2 

1 46 

3 4. 

>99% 

3 

4 53 

1365 

2459 1 0 

3 71 

11 3 


10 7 

13 2 

1 41 

2 90 

>99% 

4 

3 01 

1073 

642' 497 

2 05 

41 5 


39 3 

93 

90 

2 59 

98 5% 

5 

4 27 

1343 

642'^ 173 

3 51 

121 9 


115 5 

155 

17 0 

2 27 

>99% 


(1) txhausi gas lemperatuu measured at combusto' plane reactor and pilot flows owned (4) NO, uncorrected as measured 

(2) Reactor exit temperature, average of thermocouples ef-iOedded m outlet of reactor substrate NO, adjusted to iSO humidity 

(3) met air temperature for pilot -only operation of lest points 4 5 NO, corrected to 15% 0? adjusted for humidity, corrected to 15% 0? 
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CO emissions were approximately 1-4 ppm at the 92% base load 
condition, and 87 ppm at 70% load. Combustion efficiencies ex< 
ceeded 99% at all test points. Combustor pressure drop was ap- 
proximately 5 percent during the reactor-only tests. 

Although combustor exhaust temperature (measured at the 
exit plane with reactor and pilot stage flows mixed) was approxi- 
mately 1400*F (1030K), reactor stage exit temrerature estimated 
from reactor bed thermocouple readings wis approximately 
2550*F U670K). Figure 19 presents the measured temperature 
distribution at the exit plane for reactor-only operation. The ex- 
haust flow shows a hot central core associated with the reactor 
exit flow, and temperature approaching inlet air (700*F; 640K) at 
the outer periphery, reflecUng the cool, pilot air flow. Von 
Brand smoke numbers for reactor operation were greater than 
99, i.e., essentially an SAE smoke number of 0. 


Ftg. Catalytic coaibaator: pilot stage NO, enlario*^ tedeu 

caused in part by the low overall temperature rise which accom- 
panied pilot-only operation (dilution by cool reactor flow), and 
by relatively unstable operation. Due to the unsuble combus- 
tion and high metal temperatures, smoke measurements were 
not taken. 

Combustion efficiency was 98.5% at 80-85% load and exceed- 
ed 99% at 100% load. Exhaust temperature measured at the 
combustor exit plane was 1343*F (lOOOK) at 100% load (test 
point 5), with a pressure drop of 3-4%. Figure 21 presents the 
radial temperature distribution at the exhaust plane for pilot-only 
operation. Low central temperatures (at 40% of combustor exit 
height) reflect the inlet air exiting the reactor. 



Fig. 19 Exit lempcraiurt dlstribatioD— test point 3 (92% lond>- 
rtnclor only Converaion factor: ( ®F + 460) x 5/9 * K 

To check ignition, cooling, and emissions performance of the 
pilot stage, pilot-only operation was initiated after completion of 
the reactor testing. Test points 4 and 5 of Table 5 were complet- 
ed with the pilot fuel stage flred. Difficulty was encountered in 
maintaining pilot ignition around the annular pilot stage, in part 
due to the core flow of relatively cool reactor stage air (700®F; 
640K) Test point 4 represented the first combination of fuel 
and air which led w ^iabie temperatures and emissions Point 5 
was completed with fuel flow limited by the high metal tempera- 
tures experienced in the dilution zone (1700®F 1200K). 

NO» emissions were 93 ppm at approximately 80*85% load 
(test point 4) and 155 ppm at load (peak load) Figure 20 
presents pilot-only NO^ emissions index data as a function of pi- 
lot equivalence ratio The pilot NO, emissions compare very 
well with levels measured for conventional ican-burning 
combustors MS7001F combustor lest data show an emissions 
index of approximately 9 6 at an overall eojivalcntc ratio of 0 2. 
which IS in good agreement with the present results CO emis- 
sions were relative^; high for pilo: operation (200-500 ppm). 


too r- 



Flg. 21 xit temperature distribution —teat point 5 (100% lond)<- 
pilots only Conversion fnctor: ( T + 460) x 5/9 « K 

Two types of instabilitv occurred during the reactor-only por- 
tion of the test. The fifat had to do with the parallel flow path 
design, in which any increase in pressure drop in the catalyst 
lends to •'cduce the catalyst airflow and increase airflow to the pi- 
lot stage of the combustor Although expected to occur to some 
degree, the magnitude of the effect was muc!i larger than antici- 
pated during operation. As the catalyst exit temperature in- 
creases with increased catalytic efficiency, the airflow is reduced, 
which in turn increases the catalyst fuel-air ratio This relative 
increase in fuel flow causes the catalyst pre* sure drop to increase 
even further until a stable point is reached or until th.: catalyst 
fails, due to overicmperature in the substrate As a result, it 
was impossible to maintain the catalyst temperature in the range 
of l8(X)-2f(K)®F (1260-1590K) Any slight increase in '^ucl flow 
resulted in a catalyst temperature above the recommended limit 
(2400‘’M, while any attempt to control the excessive tempera- 
ture brought the catalyst temperature back down below- 18(X)*F 
This characteristic of catalyst operation may present a Strong obs- 
tacle to the development of parallel stage combustors without 
variable geometry capabilities 
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The second difficulty wi s th»? the catalytic reactor itself ex- 
hibited unstable char^^cteris cs. During the early portion of this 
test while attempung ic reach a stable catalyst temperature in the 
range of 1800-2400*F (1260-1590K), it was observed that the 
highest temperatures in the reactor would be located in one in- 
stance near the reactor exit and in another near the reactor en- 
tranr- For example, Figure 22 presents the data noted for test 
points 2 and 3 of Table 5 and a transient point, each point nomi- 
nally at the same reactor fucl-air ratio. Inlet velocities are the 
s: me for » oint 2 and the trar^sient, while point 3 dtff'ers only 
slightly, having a higher inlet pressure. There were oicasions 
noted during other transients between test points when the cen- 
tral thermocouple (#3 in Figure 22), was lowest in temperature 
of the four thermocouples. Two possible explanations for the 
observed transient nature of this axial temperature distribution 
are: 

(1) A non-uniform fuel distribution at the entrance of the 
rea'tor causes the combustion reactions to occur at 
different points and with varying efficiencies and heat 
^elea^es along the reactor. The difference in tempera- 
tures 3 and 4 supports this hypothesis. 

(2) Test point 2 and the transient point presumably have the 
same fuel-air ratio but exhibit different average tempera- 
tures and axial distributions. Carbon monoxide at the 
transient point vas about 80 ppn, while it was only 
42 ppm at *esi point 2. The differc.^tcc in the average 
temperature and the axial reactor tcmperaiu*^e distribu- 
tion (see Figure 22) may be attiibuted to the instability 
in the airflow split between reactor and pilot stages dis- 
cussed earlier. (Note, however, that reactor operation 
cin occur in only a narrow fuel-air ratio band. Further- 
more, measured NO» data are relatively flat with fuel-air 
ratio changes. Therefore, predictions of overall combus- 
tor NO^ (pilot and reactor operating in parallel mode) are 
expected to be reasonably accurate.) 

Post-test examinailon of the reactor catalyst showed the cen- 
tral area of the last three axial reactor segments had broken 
loose and gone downstream. There was no evidence of melting 
nor deposits or plugging. 

In pilot-only operation, ignition was accomplished with some 
difficulty. Misalignment of fuel nozzles in the cups, plus the in- 



Flg 22 Catalytic micto« tvaipcratiirct 

CoavenloB factor: (T ^ 460) x 5/6 • K 


creased coit airflow through the damaged catalyst, made pf*'t 
operation uas'able. Metal temperatures in the pilot primary 
zone showed thst some portions of the pilot section had flame 
only intermittently. The difficu!:ie$ in controlling backside cool- 
ing with a flow sleeve with a small gap and the eventual combus- 
tion of fuel which passed beyond the primary zone are the 
suspected contributors to pilot stage liner burnout. 

CONCLDSIONS 

Gas Faeted Rich-Lean Camhastor 

The rich-lean combustor, in the single conffguration tested, 
was not successful in significantly reducing thermal NO„ emis- 
sions for the baseline gas fuel having a lower heating value of 
244 Btu/sef (10.3 MJ/NCM). This unexpected result is believed 
to be due to inadequate fuel-air mixing in the rich stage with the 
result that tuel-rich central c>re flow '/crsisted through the rich 
and quench stages with burning similar to a conventional 
combustor in the lean stage. However, this hypothesis is un- 
proven, and there are other possible explanations, such as nen- 
optimal dwell ti.mes in the rich, quench, and lean stages. Aside 
from NO, emissions, the combustor provided generally satisfac- 
tory performance for all other important combustion parameters 
including CO emissions (efficiency), smoke, pattern factor, pres- 
sure drop, metal temperatures, ignition, turndown, and post-test 
condition. For the lowest heating value fuel tested, 172 Btu/sef 
(7.3 MJ/NCM), program NO, emissions goals were met. 

Data collected to date indicate that the lean-lean combustor 
concept the potential to achieve ulti;i-low NO, emissions for 
liquid and gas fuels having no fuel-bound nitrogen (FBN). It is 
recommended that this conrept be tested on gas fuels with and 
without bound nitrogen. A baseline test on a conventional 
combustor with gas fuel having fuel-bound nitrogen should also 
be run to provide data for comparison with new concepis 
designed to reduce NO, emissions with fuel-bound nitrogen. 
Mixing cffcaivcncss tests should be run on the fuel nczilcs 
used for the rich-lean combustor and on all new fuel nozzle 
designs proposed for low NO, combustors so that this critical as- 
pect of fuel nozzle pcrf ^rmar.-'c can be evaluated. Future test 
rigs for NO, emissions reduction testing should be designed io 
allow v^natior. in internal airflow splits at constant overall 
equivalence .,^tio during the test so that stoichiometry and dwHl 
times in the various reaction zones can be optimized for 
minimum emissions regardless of test fuel. 

Catalytic Combustor 

The catalytic combustor concept has demonstrated the poten- 
tial for very tow NO, emissions burning distillate fuel. I he cata- 
lytic reactor can be ignited with ease at the compressor discharge 
temperatures available in present-day industrial gas turbines. 
Premix section length and the fuel iruection kr.ethod appeared 
satiL ictory, although no instrumentation was available to moni- 
tor the performance of this section 

Parallel staging of the catalyst with a conventional design re- 
quires careful control of airflow splits and catalyst pressure drop. 
Use of variable geometry devices to control airflow distribution 
to the reactor and pilot stages tie necessary for the parallel- 
design approach. General Electric has completed the preliminary 
design of a series-staged combustor which will avoid flow-split 
insubilities which occurred during the Phase lA catalytic 
combustor testing. 

Test data st test points 3 and 5 for reactor-only and pilot-only 
operation, respectively, can be combined to predict the NO, pro- 
duction to be expected for this para lie) -staged combustor with 
both stages operating at the 92% load design point. Assuming 
that NO, production of the two stages is independent, overall 
combustor NO, is predicted to be 3.4g NO,/kg fuel, which is 
suhstamially lower than the 7 Og/kg program goal for low nitro- 
gen content fuel 
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